Mycobacteria have a complex cell wall structure that includes many lipids; however, even within a single subspecies of Mycobacterium avium these lipids can differ. Total lipids from an M. avium subsp. paratuberculosis (Map) ovine strain (S-type) contained no identifiable glycopeptidolipids or lipopentapeptide (L5P), yet both lipids are present in other M. avium subspecies. We determined the genetic and phenotypic basis for this difference using sequence analysis as well as biochemical and physico-chemical approaches. This strategy showed that a nonribosomal peptide synthase, encoded by mps1, contains three amino acid specifying modules in ovine strains, compared to five modules in bovine strains (C-type). Sequence analysis predicted these modules would produce the tripeptide Phe-N-Methyl-Val-Ala with a lipid moiety, termed lipotripeptide (L3P). Comprehensive physico-chemical analysis of Map S397 extracts confirmed the structural formula of the native L3P as D-Phe-N-Methyl-L-Val-LAla-OMe attached in N-ter to a 20-carbon fatty acid chain. These data demonstrate that S-type strains, which are more adapted in sheep, produce a unique lipid. There is a dose-dependent effect observed for L3P on upregulation of CD251 CD8 T cells from infected cows, while L5P effects were static. In contrast, L5P demonstrated a significantly stronger induction of CD251 B cells from infected animals compared to L3P.
Introduction
Mycobacterium avium subsp. paratuberculosis (Map) is the causative agent of Johne's disease in cattle and other ruminants, a chronic progressive intestinal disease that is difficult to accurately diagnose, especially in the early stages of disease. This problem has hindered efforts to control or eliminate the disease from dairy herds. Johne's disease is widely distributed on five continents and the most affected countries are in North America, Europe and Australia (Biet and Boschiroli, 2014) . According to the most recent National Animal Health Monitoring System survey (NAHMS, 2008), Johne's disease prevalence has increased to over 90% of U.S. dairy herds. Four distinct stages of disease progression have been described as silent infection, subclinical disease, clinical disease and advanced clinical disease (Whitlock and Buergelt, 1996) . The last two stages often develop after several years of infection. Typical advanced stage signs are weight loss, diarrhea, lethargy and increased weakness. However, the economic toll on the dairy industry is the primary motivation for efforts at disease control. A United States Department of Agriculture (USDA) study estimated the loss of approximately $200 per cow each year with an overall economic loss of between $200 million to $250 million dollars annually to the U.S. dairy industry.
The mycobacterial cell envelope is unique among prokaryotes in that it contains unusual lipid and carbohydrate compounds, such as lipoarabinomannan and mycolic acids. The mycomembrane, an unusual outer membrane, corresponds to the permeability barrier of which the inner leaflet is formed by a parallel arrangement of mycolic acids covalently linked to parietal backbone. Mycolic acids are the main components of this mycomembrane and constitute up to 60% of the lipid content of the cell wall (Marrakchi et al., 2014) . The outer-most layers of the cell envelope, or capsule, are composed of several types of glycolipids embedded in the saccharidic matrix surrounding the bacillus. The three major classes of type-or species-specific glycolipids include the lipooligosaccharides, phenolic glycolipids and glycopeptidolipids (GPLs). It is not clear why different lipids exist among these species of mycobacteria, but these differences have been exploited to catalog and distinguish species in this genus. Rapid growing mycobacteria, including Mycobacterium chelonae, Mycobacterium scrofulaceum, Mycobacterium abscessus and slow growing mycobacteria such as M. avium subsp. avium produce GPLs in their cell envelope (Ripoll et al., 2007) . Recently, M. abscessus strains showing rough colony morphology were found to lack GPLs and the majority of these variants could be linked to a detrimental mutation in one of eight genes in the GPL locus (Park et al., 2015) .
Map is considered as a genetically homogenous subspecies of M. avium, especially among bovine, human and wildlife isolates (Wu et al., 2006; Paustian et al., 2008) . However, two primary lineages have emerged following extensive phylogenetic analyses and comparative genomic studies (Biet et al., 2012) . These lineages are classified as type I/III or S-type (ovine) and type II or Ctype (bovine) strains. Map appears to have emerged from the common ancestor, M. avium subsp. hominissuis, to yield these two lineages (Turenne et al., 2008; Alexander et al., 2009) . The Map C-type was first isolated from cattle and is the most commonly isolated type, while the Map S-type are typically isolated from sheep and are apparently less prevalent. The S-type isolates are readily distinguishable from C-type isolates based on genome sequencing studies (Li et al., 2005; Bannantine et al., 2012) . But these two lineages can also be readily discriminated by genotyping methods due to single nucleotide polymorphisms (Marsh et al., 1999) as well as deletions/ insertions of large DNA segments (termed large sequence polymorphisms or LSP) using phylogenetic techniques such as variable number tandem repeats (Lefrancois et al., 2013) , single sequence repeats (Amonsin et al., 2004; Thibault et al., 2008) , representational difference analysis (Dohmann et al., 2003) and hsp65 sequencing . Furthermore, genomic hybridization of S-type strains on a C-type microarray revealed a large 23-gene deletion in S-type strains (Marsh et al., 2006) . However, in no case has a genetic difference been linked to a phenotypic difference between C-and S-type strains, until this study.
In addition to the genotypic distinctions between Sand C-type strains, phenotypic differences involving growth characteristics have been noted since the middle of the last century (Taylor, 1951) . The S-type strains are more fastidious and have slower growth rates in laboratory media than C-type strains. In contrast to C-type, the S-type strains do not grow readily on Herold's egg yolk media or Middlebrook 7H9 media that is not supplemented with egg yolk, mycobactin J and ADC enrichment (Whittington et al., 2011) . Nutrient limitation will kill S-type strains but it is only bacteriostatic for C-type ). Motiwala and coworkers have shown transcriptional changes in human macrophages infected with C-type, human and bison isolates, which induce an antiinflammatory gene expression pattern, while the Map Stype isolates that were analyzed showed expression of pro-inflammatory cytokines (Motiwala et al., 2006) , (Stevenson et al., 2002; Biet et al., 2012) . Furthermore, many of the S-type strains are pigmented while C-type strains are not. On the transcriptional level, C-and S-type strains exposed to low iron or heat stress conditions had different mRNA expression patterns . Furthermore, iron storage in low iron conditions was only observed in the C-type but not S-type strains (Janagama et al., 2009 ) and virulence adhesin differences were characterized (Lefrancois et al., 2013) . In this study, differences in a lipopeptide that is a component of the mycobacterial cell envelope were identified between C-and S-type strains.
Nonribosomally synthesized peptides include a diverse class of important metabolites such as antibiotics. Nonribosomal peptides (NRP) are usually 3-10 amino acids in length and are synthesized by large multi-modular enzymes called nonribosomal-peptide synthetases (NRPSs). As the name implies, these peptides are not assembled by ribosome, but rather are RNA template and ribosomal independent to allow for maximum biological flexibility by incorporating many unique amino acids. Although 10% of bacterial NRPS genes are non-modular (Wang et al., 2014) , most have a modular organization where each module specifies the sequential addition of an amino acid. Several kilobases of DNA are needed for each module that consists of three domains termed the adenylation domain, peptidyl carrier domain and condensation domain (Mootz et al., 2002) . The adenylation domain binds ATP, selects its cognate amino acid building block and performs substrate acyl adenylation. Amino acid translocation occurs with the peptidyl carrier domain. The largest NRPS yet discovered is from Photorhabdus luminescens (WP_011146892; 16,367 aa) and contains 15 modules (Wang et al., 2014) . This may represent the upper limit of NRPSs. In C-type Map the mps1 gene encodes a NRPS with five modules that have been previously shown to be involved in production of the pentapeptidic moiety of the lipopentapeptide (L5P) (Biet et al., 2008) .
The objective of this study was to identify the composition of lipopeptides in the S-type strains of Map and determine if they are different from the C-type strains.
Genetic characterization allowed us to predict the production of different lipopeptide components, depending on the strain type. Synthesis of the predicted S-type lipopeptide together with thorough biochemical and physico-chemical analyses demonstrated that typical lipopeptides from Map are different in Stype (lipotripeptide) and C-type strains (lipopentapeptide). Overall, we reveal key elements of Map cell wall change, involving genes and lipopeptides, occurring on the patho-evolution of the subspecies paratuberculosis.
Results
The lipid composition differs between C-and S-type strains of Map A panel of genetically diverse Map strains isolated from different animal species appears similar in their lipid profiles when analyzed by thin layer chromatography (TLC) in a single dimension (1-D) (Biet et al., 2008) . However, the analysis of extracted lipids from both the S397 and K-10 Map (sequenced strains characteristic of S-and C-type respectively) revealed a striking difference by Matrix-Assisted Laser Desorption Ionization-Time Of Flight Mass Spectrometry (MALDI-TOF MS). Only the C-type strain showed a major peak at a mass-to-charge ratio (m/z) of 940 atomic mass units (amu) (Fig. 1A) , which corresponds to the [M 1 Na] 1 ion of the previously characterized L5P (Riviere et al., 1996) . Additional minor peaks were also observed differing by 14 amu (including a peak at m/z 968 amu), all of which are present uniquely in the C-type strain, and assigned to variable lengths of the fatty acid moiety of the L5P (Eckstein et al., 2006; Biet et al., 2008) . Instead of the ion peaks at m/z 940 6 14 amu, the extracted lipids from the S397 strain show three major peaks at 680, 694 and 708 amu (Fig. 1B) . The rest of the MS spectra were nearly identical between the two strains. These data indicate that the lipid composition of the S397 sheep strain is different from that of the C-type strains and does not include the L5P molecule. MALDI-TOF spectra of chloroform/methanol-extracted lipids from C-type Map K-10 (A), S-type Map S397 (B), purified native L3P (C) and synthetic L3P (D). The peak at 940 amu corresponds to L5P in the lipid extract of the C-type strain K-10, but is absent from the native lipids extracted from S397. The peak at 680 amu corresponds to the L3P.
biosynthesis (Ripoll et al., 2007) , the peptide core of L5P in Map is assembled by the product of a single nrps gene, termed mps1 (Biet et al., 2008) (Table S1 ). The mps1 gene of Map K-10 is also known by the locus tag MAP_1420 and has a size of 19.15 kb encoding 6,384 amino acids (Li et al., 2005) . This gene is under the control of the LuxR regulator and has shown increased transcription when exposed to cow's milk (Alonso-Hearn et al., 2010) . It has been suggested that the pentapeptide moiety is nonribosomally assembled by the modules encoded in this gene (Eckstein et al., 2006) , therefore, it was of interest to examine the homolog in the S-type strain. However, previous de novo whole genome assemblies of the Map S397 genome using the available Roche GS20, Roche FLX (i.e. 454), and Sanger sequence data (Bannantine et al., 2012) were unsuccessful at producing a complete assembly of the mps1 gene due to the large size and the presence of long, highly syntenic repeats in the amino acid specifying modules. Therefore two large sequence gaps were present in mps1 in the S-type genome (Fig. S1 ). While genome sequencing revealed that the mps1 gene is present in the S-type strain, the question of why that strain does not produce L5P remained unanswered. To address this, additional sequence data were obtained to completely assemble the region containing mps1 in the S397 genome (Table S1) . Surprisingly, the mps1 gene was only 12,822 bp in size compared to 19,148 bp in the K-10 genome, representing a difference of 6,326 bp. Southern blot analysis was used to confirm the 6.3 kb deletion ( Fig. 2A and B) . By taking advantage of two SacI restriction sites that border the deletion ( Fig. 2A) , it was observed that the S397 SacI fragment was C. Amplification products from a panel of C-and S-type Map DNAs using a three-primer amplification approach where P1 is the forward primer and P2 and P3 are the reverse primers used in a single reaction. The primers were designed such that the resulting PCR products would be of different sizes depending on the presence or absence of the LSP mps1 . This experiment was performed using a collection of 18 Ctype and S-type strains previously characterized and genotyped (Biet et al., 2012) . See Table S2 for details about these strains. approximately 6 kb smaller than the corresponding fragment in K-10 (Fig. 2B) .
The deletion was further characterized by PCR analysis and tested across multiple strains (Table S2 ). To verify that the difference in size of the mps1 gene is characteristic of all sheep strains, a PCR test to detect this large sequence polymorphism (LSP mps1 ) was developed based on the model described by Semret et al. (2006) . From the mps1 locus in K-10, three primers (P1, P2 and P3, Table S3 ) were designed and used in a single reaction to amplify DNA depending on the presence or absence of the 6.3 kb region ( Fig. 2A) . The primers were designed so that the size of the PCR product is different when using this 3-primer combination. The P1-P3 pair results in no amplification from C-type DNA due to the large distance between primers. However, P1-P2 results in successful amplification since they are only separated by 376 bp (Fig. 2C) . Conversely, the P1-P2 primer combination does not work in S-type strains since P2 is located within the LSP mps1 ( Fig. 2A) . However, P1-P3 does amplify S-type DNA because they are only separated by 1,112 bp due to the LSP mps1 ( Fig. 2C ). Collectively, these results confirmed the boundaries of the deletion and showed it is consistent in all ten S-type strains tested including characteristic subtypes I and III.
NRPS encoded by mps1 is missing modular domains in the S-type strains
The NRPS of mps1 is modular in its organization such that each module specifies the incorporation of one amino acid in the peptidic moiety of the lipopeptide. It became of interest to examine how the LSP mps1 deletion might have affected lipopeptide production in the S-type strains. Using bioinformatics (Rottig et al., 2011) , the functional modules and domains within each module of the NRPS were identified and this analysis established that the S-type NRPS is composed of three modules while the C-type has five modules. Furthermore, these analyses have established the nature and the position of the NRPS domains in S-type along with the domains present in C-type but missing in the S-type strain (Fig. 3) . Comparison of the protein sequences corresponding to the three domains of Mps1 present in both strains shows a perfect homology suggesting a same functionality in terms of amino acid assembly (Fig. S2) . Altogether, the sequence analysis and bioinformatic predictions of NRPS module composition identified the tripeptide Phe-Val-Ala as the antigen backbone. By analogy with the known L5P, we therefore predicted that the S397 strain produces a lipotripeptide, named L3P, bearing the same structural formula as L5P but missing the two amino acids L-Ile and L-Phe (Fig. 3) . CH 3 -(CH 2 ) n -COOH Fatty acid 
S-type strains produce a lipid antigen identical to the synthetic lipotripeptide L3P
To determine if S-type Map effectively produces this novel L3P antigen, the L3P molecule was chemically synthesized and compared with the native source of lipid (either the crude or the purified lipid extract from S397). The synthetic L3P was obtained by solid-phase peptide synthesis using Fmoc chemistry and purified by chromatography on silica gel. It was then used as a control in a series of physico-chemical comparative analyses to formally identify the S-type lipid antigen.
Analysis and purification by TLC. The analytical twodimensional (2-D) TLC of S397 lipid extracts shows a spot, not as prominent as L5P in C-type strains ( Fig. 4A and B), co-migrating with the synthetic L3P (Fig. 4A ). After loading a preparative 2-D TLC with 7 mg of crude extract obtained from 317 mg of cells (dry weight), the spot of interest was purified by scraping the silica gel and subsequent elution in CH 2 Cl 2 /methanol 95:5 (vol/ vol). The resulting purified native antigen (approximately 50 mg) is clearly different from the C-type Map L5P, and it co-migrates with the synthetic L3P, as shown by the 1-D TLC (Fig. 4C ).
Analysis by MALDI-TOF MS and MS/MS. The peak of the synthetic L3P at m/z 680 amu ([M 1 Na] 1 ion) matches that of the native antigen from the S397 strain, whether in the crude extract or in the purified lipids ( Fig.  1B-D) . The extra peaks differing by 14 amu (i.e. one methylene unit) observed for the native antigen ( Fig. 1B and C) suggest the presence of different fatty acid chain lengths. In particular, the compound at m/z 708, which co-elutes with the L3P in 2-D TLC, may correspond to the L3P with a C22 acyl chain. The presumed L3P antigen is O-methylated at the C-terminus, as are the synthetic L3P and the L5P from C-type Map (Biet et al., 2008) . Indeed MALDI-TOF MS of both the synthetic and native L3P compounds showed, after saponification, a down-shift of 14 amu of the molecular ion, due to the hydrolysis of the O-methyl ester group from the C-terminus (data not shown). Additional MS/MS analysis was conducted to confirm the structure of the putative L3P compound. Importantly, the purified S397 lipid and the synthetic compound displayed identical MS/MS spectra (Fig. S3 ). Probably because of the unusual structure of the lipopeptide, specifically the acylation at the N-terminus and the presence of an N-Methyl-Val residue, fragmentation of the peptide moiety of the synthetic L3P did not yield all the expected canonical couples of fragment ions, namely, the [a, b, c] ions from the N-terminus and the [x, y, z] ions from the C-terminus (Fig. 5A ). Nevertheless, from the parental ion m/z 680 amu, the major observed fragmentation peaks were shared between synthetic and native L3P and were totally in agreement with the structural formula of the L3P. Representative fragment ions detected and corresponding to all the possible cleavages of the peptidic bond between the Phe and the NMethyl-Val residues are shown in Fig. 5B . This bond has been chosen because (i) it gives the most complete sampling of the various fragment ions expected after cleavage of a peptide bond (Fig. 5A ) and (ii) it is conserved in both the L3P and L5P lipopeptides and ideally located to discriminate between these two compounds. Indeed, L3P and L5P share a common structure at the N-terminus, from the C20 fatty acid to N-Methyl-Val ( (Fig. 5B) . Collectively, these data are consistent with an identity of structure between the purified native S397 lipid and the synthetic L3P, i.e. a tripeptide sequence Phe-N-MethylVal-Ala with a N-ter C20 fatty acid and a C-ter methyl ester.
Analysis by nuclear magnetic resonance (NMR) spectroscopy. To confirm the structure of the native antigen, 1 H-NMR spectroscopy was performed on the presumed L3P purified from the lipid extract of S397 cells.
Results of the NMR analysis were in agreement with the structure proposed for the native L3P.
1 H-NMR spectra of the purified S397 lipid and the synthetic L3P are overlapping ( Fig. S4A and B) , showing all the characteristic peaks for Phe, N-Methyl-Val and Ala, including peak multiplicities, coupling constants and chemical shifts ( (Fig. S5) .
1 H-NMR spectrum of the purified S397 shows additional peaks in comparison to the synthetic L3P ( Fig.  S4A and B) . These peaks may originate from distinct contaminant compound(s) which partially co-elute with the L3P during the preparative 2-D TLC. Indeed, the 1 H-1 H-COSY NMR spectra show that spin systems of the extra peaks are not linked to any of the L3P peaks (Fig.  S5) . Moreover, when the preparative TLC silica gel was scraped in the zone adjacent to that of L3P, the resulting eluted compound unambiguously gave a 1H-NMR spectrum displaying all the peaks that could not be attributed to L3P in the characteristic range from 2 to 5 p.p.m. (Fig.  S4C ). Due to the resolution limit of the 2-D TLC and to the very low amount of native antigen, the complete purification of the antigen could not be achieved.
Nevertheless these results, together with the MS data highlighting the presence of L3P, demonstrate that the S397 strain produces a lipid content with, at least, the L3P compound.
Analysis of the optical purity. Finally, the optical purity of the individual amino acids within the native L3P was determined by gas chromatography coupled to MS after hydrolysis of the lipopeptide in 6N DCl in D 2 O.
The results demonstrated the presence of the enantiomeric forms of D-Phe (91.4%), N-Methyl-L-Val (99.0%) and L-Ala (98.3%) (data not shown). Notably, in the course of this analysis, the identity of the three predicted amino acids was also confirmed based on their retention time and their mass spectra. Overall, the structure proposed for the L3P (Fig. 5A) produced by S-type Map from the sequence of the mps1 gene has been confirmed: a peptidic core as D-Phe-N-Methyl-L-Val-LAla attached mostly to a 20-carbon fatty acid chain.
Lipopeptides are cell surface-exposed
It has been assumed for a long time that L5P is localized in the cell wall of Map, but to the best of our knowledge this has never been experimentally demonstrated. Analysis by MALDI-TOF MS of the lipids extracted from surface-exposed materials of Map K-10 showed that L5P is localized in the outer-most layers of the cell envelope ( Fig. S6A and B) . Control TLC established that cord factor, a lipid which is never exposed at the mycobacterial cell surface (Ortalo-Magne et al., 1996) is indeed absent from the surface-exposed material analyzed here (data not shown), thus strengthening our conclusions.
Similarly, L3P was detected in surface-exposed materials prepared from Map S397 (Fig. S6D) . MS/MS analysis of the compound at m/z 680 confirmed its identity as L3P, since all the representative fragment ions are present (data not shown). Minor amounts of cord factor were also detected in the surface extract of S397 (data not shown), suggesting a certain degree of cellular lysis for that strain. Nevertheless, the fact that the cell-bound and surface-exposed fractions displayed different lipid compositions ( Fig. S6C and D) suggest that L3P should be present at the cell surface of the S-type strain. But additional experiments are needed to confirm this localization.
In both cases, detection of lipopeptides in the cellbound lipidic fraction ( Fig. S6A and C) implies that they are also present within deeper layers of the cell envelope.
L3P promotes a cell-mediated immune response whereas L5P promotes B cell responses
After 24 h culture, there was a dose-dependent proliferation of CD251 CD8 T cells from infected cows stimulated with L3P. By contrast, L5P stimulated cells remained static over the range of lipopeptide concentrations (Fig. 6A) . S397, which contains L3P, produced a slightly stronger response than K-10, which has L5P, although this difference was not significant (data not shown). In contrast, effects of lipopeptides on CD251 B The synthetic L3P gives similar data. a. The assigned protons are underlined.
cells were reversed as L5P promoted a significantly (p < 0.0002) stronger response compared to L3P (Fig.  6B) . No significant differences were observed between L3P and L5P in CD251 CD4 or CD251 gd T cell populations (data not shown). Both L3P and L5P elicited cytokine responses to IFN-g, IL-1b and TNF-a with no significant differences between the L3P or L5P treatments (Fig. S7) . However, significant differences were observed between infected and control cells (p < 0.0001 for IFN-g and IL-1b, p < 0.03 for TNF-a; Fig. S7 ). Interestingly, a dose-dependent effect (p < 0.0006) of L5P concentration was observed on TNF-a secretion by peripheral blood mononuclear cells (PBMCs). IL-4 and IL-6 were not detected following stimulation with either lipopeptide (data not shown).
Discussion
In the process of characterizing the differences in lipids among C-and S-type strains of Map, we uncovered a new LSP not previously described. LSPs have been shown to distinguish Map from other M. avium subspecies, including hominissuis and silvaticum (Alexander et al., 2009 ). In addition, three S-type-specific LSPs were characterized by genomic hybridization to DNA microarrays (Marsh et al., 2006) . While these LSPs usually span several genes and range in size from 4.5 kb to over 65 kb, the LSP reported here is located exclusively within the mps1 gene and spans 6.3 kb of DNA present in C-type strains, but not in any of the S-type strains examined. It is likely that this LSP remained hidden, despite extensive genomic comparison studies, because it is entirely contained within a single gene. This newly discovered LSP now provides an additional target to distinguish S-type from C-type strains of Map. Over 10% of the mycobacterial genome is coded for proteins involved in lipid metabolism. Large genes, including mmpL/S, pks and nrp are involved in lipid biosynthesis or transport (Ripoll et al., 2007) , but the role of each of these needs to be determined by investigating genetic differences and correlating those to phenotypic differences as has been accomplished for lipooligosaccharides in M. smegmatis (Etienne et al., 2009) . Although numerous genetic differences between C-and S-type Map strains have been reported, our results represent the first example of a genetic difference that has been phenotypically defined. It had been previously thought that all Map strains produce L5P since only one bovine strain had been evaluated by 2-D TLC (Eckstein et al., 2006) and several other Map strains examined by 1-D TLC (Biet et al., 2008) ; however, 1-D TLC did not resolve differences due to limits of the technique. The difference in lipid composition was discovered only through extensive biochemical and physico-chemical analysis of lipid extracts combined with detailed sequence and assembly of the large and highly repeated mps1 gene in the S-type strain.
Based on TLC analysis, Map does not produce GPLs but instead contains a lipopeptide molecule (Biet et al., 2008) initially termed Lipopeptide-I (Riviere et al., 1996) and later Para-LP-01 (Eckstein et al., 2006) . This nonpolar lipid, most recently termed L5P for lipopentapeptide, is an abundant molecule in Map and is not detected in M. avium subsp. avium (Eckstein et al., 2006) . Our group has previously demonstrated that L5P is antigenic in antibody-based tests (Biet et al., 2008; Verdier et al., 2013) with negligible cell-mediated immune responses (Holbert et al., 2015) . In the present study, L5P preferentially resulted in the upregulation of activated B cells (CD25 1 B cells), a finding that correlates with previous studies demonstrating this lipopentapeptide produces strong humoral responses in cattle and sheep (Biet et al., 2008) . In contrast, L3P more distinctly upregulated T cell proliferation (CD25 1 CD8 T cells) in a dose-dependent manner, suggesting more of a Th1 immune response to this cell wall component. These results suggest that genomic differences between L3P and L5P may translate to antigenic differences that present immunological diversity within the infected host. We further show for the first time that L5P is clearly surface-exposed, i.e. localized in the outer-most layers of the cell envelope. The unique mycobacterial cell wall is important in the physiology of these bacteria (Kieser and Rubin, 2014) and has been studied for its immune stimulating adjuvant properties (Chedid et al., 1972; Lederer et al., 1975) , resistance to stressors, physical disruption and increased virulence (Howard et al., 2006; Bernut et al., 2014) . Considering that the lipopeptides and GPLs are surface-located in the cell envelope and that their presence or absence differs among a small subset of mycobacteria, their physiological properties may change greatly depending on the mycobacterial strains and their evolutionary history.
NRPSs create substantial biological flexibility because no ribosomes or RNA template are needed for peptide assembly. The ribosome recognizes only 20 naturally occurring amino acids for peptide assembly; however, NRPS can specify over 500 amino acids, creating unlimited peptides for highly specialized biological functions (Walsh et al., 2013) . In this study we showed that the tri-peptide produced in S-type strains consists of only one naturally occurring amino acid, L-Ala, and two that are 'non-coded' amino acids. The C-type mps1 has five modules encoding a lipopentapeptide, but there are examples of two NRP genes, arranged in tandem, that together encode a five module NRPS to construct the antibiotic nocardicin A (Gaudelli et al., 2015) . Perhaps to further increase diversity in these NRP, known NRPSs can be classified into three groups, linear, iterative and nonlinear (Mootz et al., 2002) . In linear NRPSs, the sequence of the resulting peptide chain is entirely determined by the number and order of the modules. Iterative NRPSs use their modules or domains more than once in the assembly of one single product. Nonlinear NRPSs involve complex scenarios with parallel nonlinear organization of domains and unusual arrangements such as internal cyclization or incorporation of small soluble molecules (Mootz et al., 2002) . Data from this study show that mps1 for both L3P and L5P NRPSs are linear in organization.
Could the defined change in peptide length described in this study be enough to account for host preferences in C-and S-type strains of Map? S-type has a substantial host preference for sheep, but not exclusively, since S-type has also recently been isolated from several Arabian camels (Ghosh et al., 2012) as well as goats, cattle and deer (Stevenson, 2015) . However, C-type appears to have a broader host range since it has been isolated from a variety of ruminant species, including goat, deer and bison (Sibley et al., 2007; Biet et al., 2012) , but has also been isolated from non-ruminant livestock, wildlife and also humans. Nonetheless, there is a clear host preference or adaptation among these strains. It may also be possible that this subtle change in peptide length could define the growth rates or other phenotypic differences between these types. However, we can exclude the fact that this NRP is responsible for pigment production reported in the S-type strains (Biet et al., 2012) , since we observed that L3P is colorless (data not shown). Regardless, it is clear that both lipopeptides share common epitopes since D-Phe, N-Methyl-L-Val and L-Ala are conserved in both Map types. The two amino acids missing from the S-type strain L3P are L-Ile and L-Phe. Mutational studies may partially address the biological effect of these lipopeptides since it is unclear at the moment.
Rough and smooth colony appearance among Mycobacterium species is not only attributed to changes in their lipid composition but also to virulence and drug resistance (Kansal et al., 1998; Howard et al., 2006) . In fact L5P disappears when Map are cultured in cow's milk but is present in high abundance when cultured in Middlebrook 7H9 media (Alonso-Hearn et al., 2010) , suggesting that the lipid profile of Map changes significantly when exposed to different environments. But there may be much more going on biologically that accounts for these lipid differences. Only recently were lipopeptides shown to interact with TLR2 receptors on key immune cells (Jimenez-Dalmaroni et al., 2015) . Much research is still needed in this area to understand the biological significance of subtle lipid changes among mycobacterial species and isolates.
Experimental procedures
Culture of S-type Map S397 is an S-type strain of Map that has been previously characterized by whole genome sequencing (Bannantine et al., 2012) . It was initially isolated from a Suffolk breed of sheep in Iowa in 2004. Both strains S397 and K-10 were cultured in Middlebrook 7H9 media (BD Biosciences, San Jose, CA) supplemented with 10% OADC, 0.05% tween 80 and 2 lg ml 21 Mycobactin J. The culture conditions were 378C with no shaking in 2 L Erlenmeyer flasks each containing 500 ml volumes of media. Milligram quantities were obtained from multiple cultures for downstream analyses.
Sequencing and assembly of mps1
A combination of sequencing and assembly strategies were required to fully assemble the mps1 gene from Map S397. The large size of this gene and the presence of long repeats resulted in incomplete mps1 assembly regardless of the assembler employed (MIRA v. 3.9.9, Roche gsAssembler v. 2.6 and Velvet v. 0.7.09). Targeted de novo subassemblies of the mps1 region were created by first extracting reads that mapped to the region via MIRA's mirabait functionality using the partial contigs that aligned with MAP_1420 from K-10 and the MAP4_2425 homolog (Bannantine et al., 2014) as targets, and then de novo assembling those reads with MIRA. This was done in an iterative fashion and was supplemented as needed with additional targeted subcloning, PCR and Sanger sequencing of the mps1 gene region until full unambiguous assembly was obtained. The GenBank accession number for mps1 in Map S397 is KP720596.
Southern hybridization analysis
Mycobacteria were grown to late log phase in Middlebrook 7H9 medium (10 ml) and harvested by centrifugation at 6,000 3 g for 10 min. The bacteria were heat killed for 10 min at 958C. The pellet was resuspended in 10 ml of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) and centrifuged again at 6,000 3 g for 10 min. The semidried mycobacterial pellet was resuspended into 1 ml TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). After the addition of 200 ml of lysozyme (200 mg ml
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) and incubation overnight at 378C, 100 ml of SDS 10% and 50 ml Proteinase K (20 mg ml 21 ) (Macherey-Nagel) were added and incubated 4 h at 568C. 100 ml of 10% CTAB were mixed and incubated for 1 h at 658C. One volume of phenol-chloroformisoamyl alcohol (25:24:1 (vol/vol)) was added and the solution was vigorously mixed and then centrifuged at 14,000 3 g for 5 min in phase lock gel (Qiagen). The supernatant was mixed with 1 volume of chloroform-isoamyl alcohol (24:1 (vol/vol)) and centrifuged again. The DNA was precipitated by the addition of 0.8 volume of isopropanol and 0.3 M sodium acetate (final concentration). After centrifugation for 30 min at 14,000 3 g, the DNA was air dried, dissolved in 50 ml of Tris buffer (5 mM ) and stored at 2208C until further use.
Southern blot of Map DNA was performed as previously described (Southern, 1975; van Soolingen et al., 1994) with some modifications. The mps1 DNA probe was prepared by PCR amplification of a 491 bp fragment sequence specific for Map using the primers described in this study (Table S3) . PCRs were performed starting from 10 ng of chromosomal DNA of Map strain K-10 by using a TC-512 thermal cycler (Techne). The PCR product was purified on Macherey-Nagel spin columns according to the manufacturer's instructions. The probe was biotin labeled with the NEBlot Phototope kit (New England Biolabs) by following the instructions of the manufacturer. Digestion was performed with 3 mg of DNA prepared as described above and 7 U of SacI (Promega) at 378C for at least 6 h. Fragments were resolved by agarose gel electrophoresis and transferred onto Immobilon-S nylon membranes (Millipore) by vacuum transfer with the VacuGene system (Pharmacia LKB Biotechnology). Detection of DNA fragments hybridizing with the biotinylated probe was performed with the Phototope-Star detection kit for nucleic acids (New England Biolabs), according to the manufacturer's instructions. The 2-Log DNA Ladder (New England Biolabs) was used as a molecular size marker.
Reaction conditions for LSP mps1 amplification
A panel of Map isolates described in Table S2 was tested for the presence or absence of the large sequences identified within the genes mps1 of K-10 compared to S397. This was done with a multiplex PCR approach using a set of three primers: two primers (forward and reverse) designed toward the flanking regions (bridging primers) of the LSP and a third primer designed to recognize a sequence internal to the LSP (internal primer). The primers were designed such that the resulting PCR products would be of different sizes depending on the presence or absence of the LSP under study. Primer sequences are provided in Table S3 . The PCR mixture comprised 2 ll of DNA solution added to a final volume of 25 ll containing 0.1 ll of GoTaq Flexi DNA polymerase (5 U ll 21 Promega), 2 mM (each) dATP, dCTP, dGTP and dTTP (Promega); 5 ll of 53 PCR buffer supplied by the manufacturer; 1 lM of each primers; 1 ll of dimethyl sulfoxide (Sigma); 1.5 mM of MgCl 2 and 5 ml of 5M betaine solution (Sigma). The reactions were carried out using a TC-512 thermal cycler (Techne). PCR conditions were as follows: 1 cycle of 5 min at 948C; 30 cycles of 30 s at 948C, 30 s at 628C and 30 s at 728C; and 1 cycle of 7 min at 728C. To detect presence or absence of each LSP, PCR products were analyzed by electrophoresis using 1.5% agarose gels.
Bioinformatic prediction of peptide composition from NRPS sequence
The peptide composition of the lipopeptides analyzed in this study were deduced from DNA sequence comparisons between K-10 and S397 strains as well as a bioinformatics approach using domain prediction software including the NCBI web tools http://www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi and the website of PKS/NRPS Analysis at http:// nrps.igs.umaryland.edu/nrps/. Peptide composition was determined using the web-based server NRPSpredictor2 (Rottig et al., 2011) .
Chemical synthesis of the lipopeptides
The control lipopeptides (L3P and L5P) were synthesized on solid phase using the standard Fmoc chemistry protocol, Mycobacterium avium lipopeptide differences 535 as previously described (Biet et al., 2008) . After cleavage from the resin, the crude L3P product was purified on a silica gel column using CH 2 Cl 2 /methanol as eluent (from 98:2 to 97:3 (vol/vol)), and 80 mg of the lipopeptide were obtained (yield 80% based on the net peptide content).
Characterization of the synthetic L3P
The synthetic L3P was characterized by electrospray ionization MS (Q-Tof Micro Waters), quantitative amino acid analysis (AAA) (after hydrolysis with 6N HCl at 1108C for 48 h and using a Beckman 6300 analyzer) and NMR (Bruker 400 MHz instrument). The results detailed below demonstrate both the identity and the purity of the compound.
MS 
Lipid extraction, 2-D TLC and 1-D TLC
The culture of the S-type strain of Map afforded 317 mg of cells (dry weight). Lipids were extracted with chloroform/ methanol (1:2 then 2:1 (vol/vol)) resulting in 7.6 mg of product. For analytical purposes, 500 mg of this crude extract were loaded on 2-D TLC plates and eluted using chloroform/methanol (96:4 (vol/vol)) in the first dimension followed by toluene/acetone (80:20 (vol/vol)) in the second dimension. Control synthetic L3P was deposited at 15 lg in chloroform and served as a marker for each dimension. TLC plates were revealed by spraying 10% copper sulfate in 8% phosphoric acid, followed by charring.
For the L3P purification, 7 mg of the crude extract in 100 ml of CH 2 Cl 2 were loaded on preparative silica gel 60 F 254 2-D TLC (20 3 20 cm, thickness 0.5 mm) (Merck) and eluted using the same solvent systems as above. After scraping the spot of interest (7 mm diameter) off the silica plate, the L3P was eluted in batch with 4 times 500 ml of CH 2 Cl 2 /methanol 95:5 (vol/vol). The evaporation under argon afforded approximately 50 mg of purified native antigen. The adjacent silica gel zone below (6 mm diameter spot) was treated using the same procedure for the NMR control.
This purified native L3P was analyzed by silica gel 60 F 254 1-D TLC in comparison to both synthetic controls L3P and L5P (approximately 2 mg of each). The TLC was eluted with CH 2 Cl 2 /methanol 95:5 (vol/vol) and revealed as described above.
Surface-exposed material preparation
The surface-exposed material was recovered from mycobacteria treated with 10 g of glass beads as previously described (Ortalo-Magne et al., 1996) . Chloroform and methanol were added to the filtrates derived from this treatment to obtain a partition mixture composed of chloroform/ methanol/water (3:4:3 (vol/vol/vol)), then the organic phases were washed with water and evaporated to dryness to yield the cell surface-exposed lipids. The treated bacteria were extracted as described above to yield the cell-bound lipids. Presence of cord factor was monitored by TLC developed in chloroform/methanol (90:10 (vol/vol)) and revelation by spraying 0.2% anthrone in sulfuric acid, followed by charring.
PBMC isolation and stimulation for flow cytometry and cytokine measurements
PBMCs were isolated from control non-infected (n 5 4) and cattle naturally infected with Map (n 5 4) to determine if lipoproteins, L3P and L5P, can elicit immunological responses. Sixty milliliter of blood was collected via jugular venipuncture into a syringe containing 23 acid-citrate-dextrose to obtain PBMCs. PBMCs were resuspended at a final concentration of 8 3 106 ml 21 in complete medium consisting of RPMI-1640 with 2 mM l-glutamine and 25 mM HEPES (Gibco, Grand Island, NY) and supplemented with 10% fetal calf serum (Gibco), 100X penicillin-streptomycin (Gibco). Cells were plated in 24-well culture plates and incubated for 24 h at 398C in 5% CO 2 in a humidified atmosphere with the following treatment groups, nonstimulated (NS; negative control), pokeweed mitogen (PWM, 10 lg ml
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, positive control; Sigma, St. Louis, MO) and four antigens that included whole cell sonicated extracts of Map strains K-10 and S397 (10 lg ml 21 ); lipoproteins L3P and L5P (1, 5, 10 lg ml 21 concentrations). The lipoproteins had to be solubilized in 100% methanol to 1 mg ml 21 concentrations and then diluted in the complete medium to final concentrations indicated above. This diluted solvent-lipopeptide mixture did not affect cell viability or response capabilities. After a 24 h stimulation, the supernatants were harvested by centrifugation at 400 3 g for 5 min. Supernatants were removed without disturbing the cells in culture and stored at 2208C until cytokine measurement. Cytokines IFN-g, IL-1, IL-2, IL-4, IL-6 and TNF-a were all measured using Ciraplex bovine multiplex cytokine arrays (Aushon Biosystems, Billerica, MA).
For flow cytometry, PBMCs were cultured in replicate 48-well flat-bottom plates (Nunc Technologies, Rochester, NY) as described above with the same culture conditions and in vitro treatments. After incubating for either 3 days (NS, PWM) or 6 days (NS, antigens), cell populations were defined by labeling with 50 ll of a cocktail of primary antibodies to CD4, CD8 gamma delta T cell receptor (gd TCR) and B cells, along with a CD25 activation marker (Washington State University Monoclonal Antibody Center, Pullman, WA). After a 15 min incubation at room temperature (RT), plates were centrifuged for 2 min at 400 3 g, the supernatant was decanted, and 50 ll of a secondary antibody cocktail was added, which included APC/Cy7 anti-mouse IgG2a (Southern Biotech, Birmingham, AL), AF350 anti-mouse IgG2b (Invitrogen, Waltham, MA) and BUV395 anti-mouse IgG3 (BDBiosciences, San Diego, CA). Live/Dead populations were separated using Zombie Yellow TM Fixable Viability Dye (Biolegend, San Diego, CA). Cells were analyzed on a BDBiosciences LSRII Cytometer using FACSDiva V8.0.1 software. Further analysis was done using FlowJo 
Analytical procedures
MALDI-TOF/TOF-MS and MS/MS analyses were conducted in the positive ionization and reflectron mode by accumulating 10 spectra of 250 laser shots, using the 5800 MALDI TOF/TOF Analyser (Applied Biosystems/Absciex) equipped with a Nd:Yag laser (349 nm wavelength). For MS and MS/ MS data acquisitions, uniform, continuous and random stage motion was selected at a fixed laser intensity of 4,000 (instrument-specific units) and 400 Hz pulse rate and 6,000 (instrument-specific units) and 1,000 Hz respectively. For MS/MS data acquisition, the fragmentation of selected precursors ions was performed at a collision energy of 1 kV using air as collision gas. Lipid samples were dissolved in chloroform and were directly spotted onto the target plate as 0.5 ml droplets, followed by the addition of 0.5 ml of matrix solution (10 mg of 2,5-dihydroxybenzoic acid (Sigma-Aldrich).ml 21 in CHCl 3 /CH 3 OH, 1:1 (vol/vol)). Samples were allowed to crystallize at room temperature. Spectra were externally calibrated using lipid standards.
For comparative NMR analyses, 1-D 1 H and 1 H-COSY 1 H/ 1 H (COrrelation SpectroscopY), compounds were dissolved in CDCl 3 /CD 3 OD (1:1 (vol/vol), 99.8% purity, Eurisotop, CEA Saclay, France). Experiments were conducted using a 600 MHz Bruker NMR spectrometer equipped with cryosonde. 1 H chemical shifts are given in parts/million (p.p.m.) downfield from internal tetramethylsilane at 0 p.p.m. All experiments were recorded at 2958K without sample spinning. The Bruker pulse programs were used and optimized (pulse lengths and delays) for each 1-D or 2-D experiments. Data were analyzed using the TopSpin (Bruker BioSpin) software.
